INTRODUCTION
Liver fibrosis is regarded as an imbalanced tissue repair response with excessive accumulation of extracellular matrix proteins in response to chronic liver injury (Bataller and Brenner, 2005; Pellicoro et al., 2014; Weiskirchen et al., 2018) . Persistent liver fibrosis results in cirrhosis which may lead to portal hypertension, end-stage liver disease, or the initiation of HCC (Zhang and Friedman, 2012) . Indeed, almost 80-90% of HCC cases arises in cirrhotic liver (Fattovich et al., 2004) . In fibrotic liver, hepatocyte-mediated regeneration is usually impaired and subsequently triggers activation of the progenitor (oval) cell compartment, which in turn provokes a severe fibrogenic response . Activation of HPCs serves as an alternative regeneration pathway when the replicative capacity of hepatocytes is impaired. Previous studies have shown that activated HPCs participate in the progression of liver fibrosis, and that the degree of progenitor cell activation is directly proportional to the severity of fibrosis (Lowes et al., 1999; Clouston et al., 2005) . CTGF is a matricellular protein strongly upregulated in fibrotic liver tissue, and it plays a pivotal role in fibrogenesis of liver (Gressner and Gressner, 2008; Weiskirchen, 2016) . Previous investigations have demonstrated that hepatocytes, cholangiocytes, and HSCs, as well as HPCs express and secrete CTGF in the fibrotic liver (Gressner et al., 2007; Ding et al., 2013 Ding et al., , 2016 Williams et al., 2014) .
For patients with end-stage liver disease or HCC, liver transplantation is regarded as the definitive therapy and rapamycin (sirolimus) is widely used in the antirejection treatment after transplantation (Asrani et al., 2010; Kawahara et al., 2011) . Rapamycin was first approved for post kidney transplantation therapy by the US FDA in 1999 (Miller, 1999) . Owing to its potent immunosuppressive activity and reduced kidney toxicity compared to CNIs, rapamycin was soon approved as an immunosuppressive alternative which is increasingly used to eliminate or at least lower CNIs-induced nephrotoxicity (Kawahara et al., 2011) . Rapamycin exerts its function by forming a complex with its cellular receptor FKBP12 (FK506-binding protein of 12 kDa), which blocks interactions between mTOR, an evolutionarily conserved serine/threonine kinase, and regulatory proteins . In addition to immune modulation, mTOR regulates both cell growth and metabolism by acting as an integrator of nutrients (amino acids and energy) and growth factors (Shamji et al., 2003) .
Independent of its immunosuppressive action, rapamycin has shown controversial roles in organ fibrosis. Rapamycin was reported to reduce renal interstitial fibrosis by diminishing the number of interstitial fibroblasts and myofibroblasts in a rodent model of renal fibrosis (Wang et al., 2010) . Similarly, Wang et al. (2015) found that rapamycin attenuated aldosterone-induced tubulointerstitial inflammation and fibrosis by blocking mTOR signaling. Conversely, Osman et al. (2009) reported that rapamycin induced rapid activation of the fibrogenic Smad signaling cascade and upregulated CTGF and plasminogen activator inhibitor 1 (PAI-1) expression in rat mesangial cells. Further, rapamycin augmented CTGF expression in kidney tissue and promoted kidney fibrosis in a rat model of chronic nephrotoxicity (Shihab et al., 2006) . High doses of everolimus may also induce renal fibrosis by activating epithelial to mesenchymal transition (EMT) of renal tubular cells (Masola et al., 2013) . Clinical results in renal transplantation are also inconsistent. Pontrelli et al. (2008) reported that rapamycin could reduce interstitial fibrosis in chronic allograft nephropathy after renal transplantation, whereas Servais et al. (2009) did not find a significant reduction in interstitial fibrosis at 1 year after renal transplantation in patients converted from cyclosporine (CsA)-based to rapamycin-based therapy. Further, these discordant effects have been observed in pulmonary fibrosis. Rapamycin showed anti-fibrotic effects against transforming growth factor α (TGF-α) and TGF-β-induced pulmonary fibrosis in rats (Korfhagen et al., 2009; Gao et al., 2013) , and both rapamycin and rapamycin analog SDZ RAD attenuated bleomycin-induced pulmonary fibrosis in rats (Simler et al., 2002; Tulek et al., 2011) , but Xu et al. (2013 Xu et al. ( , 2015 found that rapamycin increased CTGF expression of lung fibroblasts and epithelial cells via PI3K activation. Tomei et al. (2016) also revealed the profibrotic effect of everolimus by inducing EMT in bronchial/pulmonary cells. These discrepancies may reflect differential effects of rapamycin among fibrogenic cells and factors involved in different fibrosis models. In other words, roles of rapamycin in fibrosis may be cell context dependent.
Currently, studies on the relationship between rapamycin treatment and liver fibrosis are limited and as in other systems, results are controversial. Previous studies reported that rapamycin attenuated hepatic fibrosis in carbon tetrachloride and BDL models (Zhu et al., 1999; Biecker et al., 2005; Neef et al., 2006) . The rapalogs everolimus also showed anti-fibrotic activity in BDL model (Patsenker et al., 2011) . However, another investigation showed that rapamycin did not attenuate the progression of liver fibrosis (Renken et al., 2011) . High doses of everolimus seemed to have profibrotic activity by inducing EMT in HSC and HepG2 cells (Masola et al., 2015) . These results suggest that the precise role and the underlying molecular mechanism of rapamycin in liver fibrosis remain poorly understood.
In this study, we showed that rapamycin upregulated CTGF expression in HPCs. Mechanistically, inhibition of mTOR activity with rapamycin resulted in a hyperactive PI3K-Akt pathway, whereas this activation inhibited the expression of CTGF in HPCs. Besides, rapamycin increased ROS generation and subsequently activated TGF-β-Smad2 signaling to promote CTGF expression.
MATERIALS AND METHODS

Reagents and Antibodies
Reagents were obtained from the following sources: rapamycin was from Selleckchem (Houston, TX, United States). SB431542, LY364947, LY294002, U0126, SP600125, and SB203580 were from Cayman (Ann Arbor, MI, United States). NAC was from TCI (Tokyo, Japan). DCFH-DA was from Sigma-Aldrich (St. Louis, MO, United States). Cycloheximide was from Beyotime Institute of Biotechnology (Haimen, Jiangsu, China). 
Cell Culture
Hepatic progenitor cell line LE6 was a generous gift from Dr Nelson Fausto. WB-F344 cells were purchased from Shanghai Cell Bank and Department of Pathology of Second Military Medical University (Shanghai). Both of them have proven to be useful in vitro models for studying functions of HPCs (Nguyen et al., 2007; Duncan et al., 2009; Ding et al., 2013 Ding et al., , 2016 . The lentivirus packaging cell line 293T, HCC cell lines HepG2, Hep3B, and SMMC-7721 were purchased from China Center for Type Culture Collection (CCTCC, Wuhan, China). HCCLM3 were provided by Liver Cancer Institute, Zhongshan Hospital, Fudan University (Shanghai, China). The cell line from human noncancerous liver tissue QSG-7701 and rat liver cell line BRL were obtained from cell bank of Chinese Academy of Sciences (Shanghai, China). LE6 cell was cultured in Dulbecco's modified Eagle's medium : Ham's F-10 (1:1) (Gibco Laboratories) supplemented with 10% fetal bovine serum (FBS, Gibco Laboratories), 1 µg/ml insulin, 0.5 µg/ml hydrocortisone (Braun et al., 1987) . Cells were incubated at least 12 h in serum free media for serum starvation before their use in experiments. The 293T, HepG2, Hep3B SMMC-7721, HCCLM3, QSG-7701, and BRL cells were maintained in DMEM medium supplied with 10% FBS.
RNA Purification and Quantitative RT-PCR
Total RNA was isolated from LE/6 cell using the TRIzol reagent (Invitrogen, Carlsbad, CA, United States). Two milligram of RNA from each sample was reverse-transcribed with the FastQuant RT Kit (With gDNase) (KR106) (Tiangen, Beijing, China). Real time polymerase chain reaction (PCR) was performed with an ABI ViiA 7 Dx instrument (Applied Biosystems, Foster City, CA, United States) using SuperReal PreMix Plus (SYBR Green) (FP205) PCR reagents (Tiangen, Beijing, China). The fold changes of the target genes were calculated using the 2 − CT method. The CTGF primers used for PCR reactions were: forward sequence, 5 -TAGCTGCCTACCGACTGGAA -3 ; reverse sequence, 5 -CTTAGAACAGGCGCTCCACT -3 . The GAPDH primers used were: forward sequence, 5 -AGACAGCCGCATCTTCTTGT -3 ; reverse sequence, 5 -CTTGCCGTGGGTAGAGTCAT -3 .
Immunoblotting
Cells were harvested and lysed with radioimmunoprecipitation assay (RIPA) (Pierce, Rockford, IL, United States) buffer supplied with cOmplete TM , Mini, EDTA-free Protease Inhibitor Cocktail and PhosSTOP TM phosphatase inhibitor tablets (Roche, Basel, Switzerland) . After centrifugation at 12,000 rpm, 4 • C for 15 min to pellet cell debris, protein concentrations were determined using the Bicinchoninic acid assay kit (Pierce, Rockford, IL, United States). Equal amount of protein samples (40 µg) were resolved in 8-10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 0.45 µm polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, United States). Membranes were subsequently blocked with 5% nonfat dry milk or bovine serum albumin (BSA) in 1X TBST (20 mM Tris-HCl, pH7.6, 150 mM Sodium Chloride, 0.1%Tween-20) for 1 h at room temperature. Primary antibody was incubated overnight at 4 • C with gentle shaking. After washing in TBST three cycles for 5 min each, membranes were incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Immunodetection was performed using Clarity TM Western ECL Substrate (Bio-Rad, Hercules, CA, United States) with ChemiDoc TM XRS+ Imaging System (Bio-Rad, Hercules, CA, United States).
Immunofluorescence
Cells were seeded and cultured in a 24-well plate. After treatments cells were fixed with 4% paraformaldehyde for 15 min at room temperature and permeabilized in 0.2% TritonX-100 solution (dissolved in PBS) for 15 min. Block specimen in normal serum from the same species as the secondary antibody for 30 min at room temperature. Then, cells were incubated overnight at 4 • C in the diluted Smad2/3 antibody in 1% BSA in PBST in a humidified chamber. Cy3-conjugated anti-mouse IgG was used to incubate cells for 1 h at room temperature in the dark. Nucleus were stained by DAPI (Wuhan Promoter Biotechnology Co., Ltd., Wuhan, China). Images were taken by EVOS TM FL Imaging System (Thermo Fisher Scientific, Waltham, MA, United States).
Plasmids
pLKO.1-TRC cloning vector was a gift from David Root (Addgene plasmid # 10878) (Moffat et al., 2006) . pRSV-Rev was a gift from Didier Trono (Addgene plasmid # 12253) (Dull et al., 1998) . pMDLg/pRRE was a gift from Didier Trono (Addgene plasmid # 12251) (Dull et al., 1998) . pMD2.G was a gift from Didier Trono (Addgene plasmid # 12259). SBE4-luc (Addgene plasmid 16495) was a gift from Bert Vogelstein (Johns Hopkins Kimmel Cancer Center, Baltimore, MD, United States) (Zawel et al., 1998) . pRL-TK was purchased from Promega (Madison, WI, United States). CTGF-luc reporter plasmid was constructed as described previously .
To create pLKO.1-shRNA plasmids, double-stranded oligonucleotides shRNA fragments were chemically synthesized by Tsingke biological technology (Beijing, China), and were cloned into AgeI/EcoRI site of the pLKO.1-TRC cloning vector. shRNA sequences for each individual shRNA are as follows: shmTOR#1: ATGCTGTCCCT GGTCCTTATG; shmTOR#2: CAAGGCTTCTTCCGTTCTATC; shRaptor#1: GCTGCAATTAACCCAAACCAT; shRaptor#2: CC TCATCGTCAAGTCCTTCAA; shRictor#1: GCCATCTGAATA ACTTCACAA; shRictor#2: AAGACGAGCCACTATCTGACA; shSmad2: GCCAGTTACTTATTCAGAACCTGCA; shSmad3: CTGTCCAATGTTAACCGGAAT; shSmad4: CAGCTACTT ACCACCATAACA; shScramble: CCTAAGGTTAAGTCGC CCTCG.
Lentivirus Production
Lentivirals were produced by co-transfection of 293T cells with pLKO.1-shRNA, pRSV-Rev, pMDLg/pRRE, and pMD2.G using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer's instructions. Cells were transfected for 12-15 h, and then changed media to DMEM/20% FBS. Lentiviral supernatants were collected and filtered through a 0.45 µm filter (Millipore, Billerica, MA, United States) after incubate for additional 48 h. Cells were infected with the lentivirus and selected with puromycin (5 µg/mL).
Adenovirus Construction and Infection
Rat Smad3 overexpression adenovirus were obtained from the Hanbio Co., Ltd. (Shanghai, China). Cells were seed in 6-well plate at 30∼40% confluence. The next day, cells were changed with 1 mL fresh media and added equivalent Ad-GFP and Ad-Smad3 adenovirus. After 1 h incubation, cells were supplied with 1 mL media with 5 µg/mL polybrene. Change fresh media 24 h later and allow for growing another 72 h. Infection efficiency were visualized by GFP expression. Then cells were used for the experiments.
Dual-Luciferase Reporter Assay
Cells were seeded in 24-well plate at a density of 5 × 10 4 cells per well. The next day, cells were co-transfected with 0.48 µg promoter reporter plasmids and 0.02 µg pRL-TK plasmids. Transfections were performed using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer's instructions. At 6 h after transfection, cells were replaced with fresh medium and allowed to growth for 24 h. Serum-starved cells were used for the assay. Luciferase activities were detected with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States) using a GloMax 20/20 Luminometer (Promega, Madison, WI, United States) according to the manufacturer's instructions. Firefly luciferase activity was normalized to Renilla activity.
ROS Detection Assay
Detection of the generation of ROS was done by using a cell-permeable fluorimetric probe named 2 ,7 -DCFH-DA. DCFH-DA crosses the cell membrane and is de-esterified into 2 ,7 -DCFH intracellularly. The resulting DCFH reacts with intracellular ROS to give the highly fluorescent 2 ,7 -DCF. Serum-starved cells were treated with rapamycin (10 nM) in the absence or presence of NAC (5 mM) for 1 h. Then, cells were washed once with PBS and incubated in the dark at 37 • C for 30 min in 10 µM DCFH-DA. After washed with FBS free media three times, ROS generation was visualized by fluorescent DCF formation using EVOS TM FL Imaging System (Thermo Fisher Scientific, Waltham, MA, United States). Images were quantified by image pro plus (IPP) software.
Statistical Analysis
For statistical analysis, SPSS 22.0 (SPSS, Chicago, IL, United States) was used. Statistical analyses were carried out by two-tailed unpaired Student's t-test and one-way analysis of variance (ANOVA) as appropriate. Values of p < 0.05 were considered statistically significance.
RESULTS
Rapamycin Induces de novo Synthesis of CTGF in HPCs
To investigate the effects of rapamycin on fibrogenesis, we first treated cultured liver cell lines (BRL and QSG-7701) with rapamycin and measured the expression of CTGF, which is regarded as "the master switch" in liver fibrosis (Gressner and Gressner, 2008) . However, western blotting showed no effect of rapamycin on the expression of CTGF in either BRL or QSG-7701 cells (Supplementary Figures 1A,B) . Considering that diverse types of cells participate in the progression of liver fibrosis, and HPCs may play a particularly important role, we then investigated whether rapamycin modulates CTGF expression in two HPCs LE/6 and WB-F344 cells which were widely used as in vitro models for studying functions of HPCs (Nguyen et al., 2007; Ding et al., 2013 Ding et al., , 2016 Wu et al., 2018) . Western blotting revealed that rapamycin upregulated CTGF protein expression in both LE/6 and WB-F344 cells in a dose and time dependent manner (Figures 1A,B) . Real-time PCR analyses further demonstrated that 10 nM rapamycin significantly elevated CTGF mRNA level in LE/6 and WB-F344 cell cultures by 2.86 ± 0.15 and 2.24 ± 0.17 fold, respectively (p < 0.05, Figure 1C) . Luciferase reporter assays further demonstrated that rapamycin upregulated CTGF at the transcriptional level (57.12 ± 4.09 vs 98.89 ± 8.03 in LE/6, p < 0.01; 30.42 ± 1.79 vs 48.67 ± 3.76 in WB-F344, p < 0.05) ( Figure 1D) . Treatment with cycloheximide, a eukaryote protein synthesis inhibitor, also blocked rapamycin-induced CTGF production in HPCs ( Figure 1E ). We also tested the effect of rapamycin on hepatoma-derived cell lines HepG2, Hep3B, SMMC-7721, and LM3 cells but found no effect on CTGF expression (Supplementary Figures 1C-F) . These results Lysates were subjected to Western blot analysis with antibodies against CTGF. β-actin was used as a loading control; (B) LE/6 and WB-F344 cells was stimulated with rapamycin (10 nM) for the indicated times before cells were harvested for immunoblotting analysis against CTGF. β-actin was used as a loading control; (C) LE/6 and WB-F344 cells was treated with Rapamycin (10 nM) for 6 h, and the relative CTGF expression was analyzed by qRT-PCR. Result was means ± SD of triplicate measurements. Experiment was repeated three times; * * p < 0.01, * * * p < 0.001; (D) LE/6 and WB-F344 cells was co-transfected with pRL-TK and CTGF-luc plasmids and then treated with Rapamycin for 16 h. Luciferase activity was normalized to renilla luciferase activity. Results showed as means ± SD of triplicate measurements. * p < 0.05, * * p < 0.01 compared with the control; (E) LE/6 and WB-F344 cells was treated with Rapamycin (10 nM) and cycloheximide (10 µg/mL) as indicated for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control.
suggest that rapamycin induces de novo synthesis of CTGF in HPCs.
Rapamycin Attenuates the Activity of mTOR Signaling, Which Contributes to CTGF Induction in HPCs
Rapamycin exerts its function through inhibition of mTOR signaling. Therefore, we confirmed the contribution of mTOR signaling to rapamycin-induced CTGF upregulation in HPCs. The primary downstream targets of mTOR are p70S6 kinase 1 (p70S6K1) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1) (Wullschleger et al., 2006) . We initially examined whether mTOR-p70S6K/4EBP1 signaling responded to rapamycin in HPCs. As shown in Figure 2A , rapamycin (0.1-1000 nM) significantly decreased phosphorylation of mTOR, p70S6K, and 4EBP1 even at 0.1 nM. mTOR forms two distinct protein complexes, mTOR Complex 1 (mTORC1) and 2 (mTORC2). Proteins mLST8 (mammalian lethal with Sec13 protein 8, also known as GßL) and DEPTOR (DEP domain containing mTOR interacting protein) exist in both mTORC1 and mTORC2. mTORC1 is characterized by Raptor (regulatory protein associated with mTOR) and PRAS40 (proline-rich Akt substrate of 40 kDa) while Rictor (rapamycin insensitive companion of mTOR), mSin1, and Protor1/2 are specific to mTORC2 (Saxton and Sabatini, 2017) . Knockdown of mTOR impairs both mTORC1 and mTORC2 activity, while knockdown of Raptor and Rictor ablate mTORC1 and mTORC2 activity, respectively, which have been widely used for investigating functions of rapamycin and mTOR signaling (Lamming et al., 2012; Umemura et al., 2014) .
To further illustrate rapamycin's modulatory effect on CTGF, we stably knocked down the expression of mTOR, Raptor, or Rictor in LE/6 and WB-F344 cells using lentivirus carrying specific shRNAs (Figures 2B-D) . We found that the expression of CTGF was greatly increased after knockdown of mTOR, Raptor, or Rictor (Figures 2E-G) . Transcriptional response assay showed that the CTGF-luc activity was significantly increased after stable knockdown of mTOR (37.67 ± 3.58 vs 66.14 ± 2.71 in LE/6, p < 0.001; 22.67 ± 2.58 vs 42.22 ± 3.17 in WB-F344, p < 0.01) ( Figure 2H) . These results suggested that rapamycin upregulated CTGF expression through inactivation of mTOR signaling, and knockdown of mTOR, Raptor, or Rictor mimic the effect of rapamycin.
Rapamycin Activates PI3K-Akt Signaling, Which in Turn Inhibits CTGF Expression in HPCs
Previous studies have found that inhibition of mTOR leads to PI3K-Akt activation via a negative feedback loop originating from S6K1 (Wullschleger et al., 2006; Carracedo et al., 2008) . Thus, we examined the phosphorylation of Akt in HPCs under rapamycin stimulation. As expected, rapamycin (0.1-1000 nM) activated PI3K-Akt signaling as indicated by phosphorylation of Akt ( Figure 3A) . In addition, we found that either knockdown of mTOR, Raptor, or Rictor alone resulted in Akt phosphorylation via negative feedback loop (Figures 3B-D) . We then examined whether PI3K-Akt signaling is involved in the expression of CTGF in HPCs. Surprisingly, LY294002, an inhibitor of the PI3K-Akt pathway, failed to block basal and rapamycin-induced FIGURE 2 | Rapamycin attenuates the activity of mTOR signaling, which contributes to CTGF induction in HPCs. (A) LE/6 and WB-F344 cells were treated with rapamycin at indicated concentrations for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (B-G) LE/6 and WB-F344 cells were transfected with lentivirus carrying shRNA against mTOR, Raptor, Rictor, or scramble shRNA and Western blot analysis showed the expression of these proteins. β-actin was used as a loading control; (H) LE-shmTOR#2, WB-shmTOR#2 and their scramble control (shScramble) were co-transfected with pRL-TK and CTGF-luc plasmids for 24 h. Luciferase activity was normalized to renilla luciferase activity. Results showed as means ± SD of triplicate measurements. * * p < 0.01, * * * p < 0.001 compared with the control.
CTGF expression but promote the expression of CTGF ( Figure 3E) . Furthermore, inhibition of hyperactive PI3K-Akt pathway with LY294002 couldn't block CTGF upregulation after knock down of mTOR ( Figure 3F; Supplementary  Figure 2) . We used another specific Akt inhibitor, MK2206, to provide further evidence that Akt phosphorylation did not contribute to CTGF upregulation but inhibited CTGF expression ( Figure 3G; Supplementary Figure 2) . Taken together, we speculated that rapamycin promoted CTGF expression through other signaling pathways while PI3K-Akt activation via negative feedback loop limited the expression of CTGF to some extent.
Rapamycin Activates the TGF-β-Smad Signaling
Transforming growth factor β is regarded as the master cytokine of liver fibrogenesis (Leask and Abraham, 2004; Inagaki and Okazaki, 2007) . Previous studies have indicated that TGF-β was a major inducer of CTGF in liver fibrosis, and it upregulated CTGF expression in various cell types including FIGURE 3 | Rapamycin activates PI3K-Akt signaling, which in turn inhibits CTGF expression in HPCs. (A) LE/6 and WB-F344 cells were treated with rapamycin at indicated concentrations for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (B-D) LE/6 and WB-F344 cells were transfected with lentivirus carrying shRNA against mTOR, Raptor, Rictor, or scramble shRNA and Western blot analysis showed the expression of these proteins. β-actin was used as a loading control; (E) LE/6 and WB-F344 cells were treated with rapamycin and LY294002 for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (F,G) LE-shmTOR#2, WB-shmTOR#2 and their scramble control (shScramble) were incubated with LY294002 or MK2206 at indicated concentrations for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control.
HPCs Ding et al., 2013) . Meanwhile, CTGF is also an important downstream mediator of TGF-β and is vital for TGF-β induced liver fibrogenesis (Inagaki and Okazaki, 2007) . On the other hand, rapamycin has been reported to activate TGF-β-Smad signaling in rat mesangial cells and prostate cancer cells (van der Poel, 2004; Osman et al., 2009 ). These findings strongly suggested that TGF-β-Smad signaling was involved in rapamycin induced CTGF expression in HPCs.
TGF-β-Smad signaling is initiated by the binding of TGF-β with TGF-β receptor type I (TGFβRI) and receptor type II (TGFβRII) serine/threonine kinases on the cell surface. This allows TGFβRII to phosphorylate the glycine-serine (GS) region of TGFβRI, which lead to TGFβRI activation. The activated TGFβRI recruits and activates the receptor-Smads (R-Smads) as indicated by C-terminal phosphorylation of Smad2 (Ser465/467) and Smad3 (Ser423/425). These activated R-Smads form heteromeric complexes with the Co-Smad (Smad4) and translocate into the nucleus to regulate the transcription of target genes (Shi and Massague, 2003; Massagué, 2012) .
So, we next stimulated HPCs with rapamycin and measured the phosphorylation state of Smad2 and Smad3 by western immunoblotting. We found that the phosphorylation levels of Smad2 and Smad3 were elevated after treated with rapamycin in a time and dose dependent manner (Figures 4A,B) . Since the activated Smad complexes are translocated into the nucleus, we next monitored the nuclear import of these R-Smad proteins. Immunofluorescence showed that rapamycin induced Smad2 and Smad3 translocation into the nucleus (Figure 4C) . Transcriptional response assay revealed that the Smad binding element luciferase (SBE4-luc) activity was significantly increased after rapamycin stimulation (31.28 ± 2.86 vs 62.33 ± 5.47 in LE/6, p < 0.001; 50.63 ± 7.50 vs 77.57 ± 9.37 in WB-F344, p < 0.05) ( Figure 4D) . These results demonstrated that TGF-β-Smad signaling was activated in response to rapamycin stimulation in HPCs.
As rapamycin exerts its function through inactivation of mTOR signaling and knockdown of mTOR, Raptor, or Rictor mimic the effect of rapamycin, so we next assessed whether knockdown of mTOR, Raptor, or Rictor could activate TGF-β-Smad signaling. Results showed that knockdown of mTOR, Raptor, or Rictor rendered phosphorylation of Smad2 and Smad3 upregulated (Figures 4E-G) . The SBE4-luc activity was also upregulated after stable knockdown of mTOR (32.08 ± 1.51 vs 52.52 ± 1.78 in LE/6, p < 0.001; 44.79 ± 2.06 vs 70.26 ± 8.39 in WB-F344, p < 0.01) (Figure 4H) . These results implied that inhibition of mTOR signaling upregulated TGF-β-Smad signaling in HPCs.
TGFβ Receptor Is Involved in Rapamycin-Induced Upregulation of CTGF Expression
Next, we focused on the contributions of TGF-β-Smad signaling which was activated after stimulated with rapamycin. We used two TGF-β-Smad signaling inhibitors, LY364947 and SB431542, both of which were TGFβRI serine/threonine kinase (ALK5) inhibitors. As shown in Figure 5A , after LE/6 and WB-F344 cells were treated with these two kinase inhibitors, both basal and rapamycin induced phosphorylation of Smad2 were reduced to nearly undetectable levels, while phosphorylation of Smad3 was partially impaired. Further, basal and rapamycin induced CTGF expression were completely blocked. Transcriptional response assay revealed that both CTGF-luc and SBE4-luc activities were reduced after incubation with LY364947 or SB431542 (Figures 5B,C) . Similarly, the phosphorylation of Smad2 was reduced below basal levels, phosphorylation of Smad3 was reduced, and expression of CTGF was completely blocked in LE-shmTOR#2 and WB-shmTOR#2 cells treated with these ALK5 kinase inhibitors (Figures 5D,E, Supplementary  Figure 2A) . Collectively, these results revealed that TGFβ receptor was involved in rapamycin-induced upregulation of CTGF expression.
Besides the canonical Smad signaling, Smad-independent signaling such as the MAPK signaling (MEK1/2, JNK, p38MAPK) have also been implicated in TGFβ signaling (Derynck and Zhang, 2003; Zhang, 2009) . To test whether these Smad-independent signaling were involved in rapamycin induced CTGF expression, we treated LE/6shmTOR#2 cells with various MAPK inhibitors. As shown in Supplementary  Figure 2A , SP600125 (JNK inhibitor), U0126 (MEK1/2 inhibitor suppressed Erk signaling), and SB203580 (p38MAPK inhibitor) had no effect on CTGF expression. These results suggested that MAPK signaling was not involved in rapamycin-induced upregulation of CTGF expression.
Smad2, but Not Smad3, Is Involved in CTGF Induction Through Rapamycin-Activated TGF-β-Smad Signaling Generally speaking, the canonical TGF-β signaling is propagated through the way that activated Smad2 and Smad3 heterodimerize with Smad4 to build up a transcriptionally active complex, and translocate into the nucleus to modulate target gene expression. We next investigated the role of these Smad proteins in rapamycin-induced CTGF upregulation using lentivirus to stably knock down the expression of Smad4, Smad2, and Smad3. As shown in Figures 6A,B , knockdown of Smad4 partially blocked CTGF protein expression and CTGF-luc activity in response to rapamycin (LE-shSmad4 vs LE-shSmad4+Rapa: 22.09 ± 2.84 vs 29.39 ± 1.88, p < 0.05; WB-shSmad4 vs WB-shSmad4+Rapa: 27.33 ± 4.24 vs 37.33 ± 2.50, p < 0.05). Besides, knockdown of Smad2 strongly reduced CTGF protein expression in the presence of rapamycin ( Figure 6C ). Transcriptional response assay showed that the CTGF-luc activity was not responsive to rapamycin after knockdown of Smad2 (LE-shSmad2 vs LE-shSmad2+Rapa: 18.57 ± 5.20 vs 24.19 ± 6.56, p > 0.05; WB-shSmad2 vs WB-shSmad2+Rapa: 15.10 ± 2.32 vs 14.88 ± 1.55, p > 0.05) ( Figure 6D ). To our surprise, knockdown of Smad3 had no effect on rapamycin-induced CTGF expression in HPCs (Figure 6E) , and CTGF-luc activity was still upregulated by rapamycin after stable knockdown of Smad3 (LE-shSmad3 vs LE-shSmad3+Rapa: 46.68 ± 4.29 vs 79.01 ± 16.39, p < 0.05; WB-shSmad2 vs WB-shSmad2+Rapa: 31.06 ± 4.59 vs 54.12 ± 5.07, p < 0.01) ( Figure 6F ). To further investigate the role of Smad3 in rapamycin-induced upregulation of CTGF, we used an adenovirus to overexpress Smad3 in HPCs. Consistent with knockdown studies, Smad3 overexpression had no effect on rapamycin-induced CTGF expression ( Figure 6G) . Moreover, Smad3 overexpression after knockdown of mTOR did not alter the expression of CTGF (Figure 6H) . The results presented above suggested that Smad2 and to some extent Smad4, but not smad3, were involved in the induction of CTGF through rapamycin-activated TGF-β-Smad signaling.
Rapamycin Induces ROS Generation and Latent TGF-β Activation, Which Contribute to TGF-β-Smad Signaling
Transforming growth factor-β is produced in a latent complex and extracellular or intracellular activated by shedding the latency-associated protein (LAP), thereby converting the latent form into the active ligand capable of receptor binding (Khalil, 1999; Breitkopf, 2001) . Our previous studies revealed that TGF-β was secreted in a latent form by HPCs and that latent TGF-β was autonomously and intracellularly activated to trigger Smad signaling . Both rapamycin and CNIs have been reported to activate latent TGF-β via a mechanism depend on ROS generation (Akool et al., 2008; Osman et al., 2009 ), so we investigated whether rapamycin-induced TGF-β-Smad activation depended on ROS in HPCs.
FIGURE 4 | Rapamycin actives TGF-β-Smad signaling in HPCs. (A) LE/6 and WB-F344 cells were stimulated with rapamycin (10 nM) for the indicated times before cells were harvested for immunoblotting analysis against indicated proteins. β-actin was used as a loading control; (B) LE/6 and WB-F344 cells were treated with rapamycin at indicated concentrations for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (C) LE/6 and WB-F344 cells were treated with rapamycin (10 nM) for 6 h and then subjected to immunofluorescent staining of Smad2/3 (red); DAPI were used to show the location of the nucleus (blue); scale bar, 100 µm; (D) LE/6 and WB-F344 cells were co-transfected with pRL-TK and CTGF-luc plasmids and then treated with Rapamycin for 16 h. Luciferase activity was normalized to renilla luciferase activity. Results showed as means ± SD. of triplicate measurements.
* p < 0.05, * * * p < 0.001; (E-G) Lysates of LE-shmTOR#2, WB-shmTOR#2, LE-shRaptor#2, WB-shRaptor#2, LE-shRictor#1, WB-shRictor#1 and their scramble control (shScramble) were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (H) LE-shmTOR#2, WB-shmTOR#2 and their scramble control (shScramble) were co-transfected with pRL-TK and SBE4-luc plasmids for 24 h. Luciferase activity was normalized to renilla luciferase activity. Results showed as means ± SD. of triplicate measurements. * * p < 0.01, * * * p < 0.001.
FIGURE 5 | TGFβ receptor is involved in rapamycin-induced upregulation of CTGF expression. (A) LE/6 and WB-F344 cells were treated with rapamycin and indicated inhibitors for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (B,C) LE/6 and WB-F344 cells were co-transfected with pRL-TK and CTGF-luc or SBE4-luc plasmids and then treated with rapamycin and indicated inhibitors for 16 h. Luciferase activity was normalized to renilla luciferase activity. Results showed as means ± SD of triplicate measurements. * * p < 0.01, * * * p < 0.001. R, rapamycin; (D,E) LE-shmTOR#2, WB-shmTOR#2 and their scramble control (shScramble) were incubated with LY364947 or SB431542 at indicated concentrations for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control.
To this end, we treated LE/6 and WB-F344 cells with rapamycin (10 nM) in the absence or presence of the ROS scavenger N-acetyl-L-cysteine (NAC, 5 mM). As shown in Figure 7A , phosphorylation of Smad2 and Smad3 induced by rapamycin was almost completely inhibited by NAC. NAC also decreased phosphorylation of Smad2 and Smad3 after knock down of mTOR ( Figure 7B) . Simultaneously, Upregulation of CTGF by either rapamycin treatment or mTOR knockdown was also almost completely blocked by NAC treatment (Figures 7C,D) . We next examined whether rapamycin increases ROS formation in HPCs. We used a fluorimetric probe named 2 ,7 -DCFH-DA which is commonly used to detect ROS generation and the overall oxidative stress. Results showed that rapamycin caused a significant increase in ROS formation (Figures 7E,F) . Furthermore, incubation with NAC abolished the rapamycin-triggered ROS production completely (Figures 7E,F) . To confirm the intracellular activation of latent TGF-β by rapamycin, we performed western blotting to detect latent TGF-β and active TGF-β. Results showed that rapamycin treatment decreased latent TGF-β and increased active TGF-β in HPCs (Figure 7G) . Collectively, these results demonstrated that rapamycin-induced ROS formation contributed to the activation of latent TGF-β, which can then bind to the TGF-β receptor and activate TGF-β-Smad signaling, leading to induction of CTGF expression.
DISCUSSION
In this study, we found that rapamycin at nanomolar concentration upregulated CTGF expression at the transcriptional level in HPCs. Mechanistically, inhibition of mTOR activity with rapamycin resulted in a hyperactive PI3K-Akt pathway, whereas this activation inhibited the expression of CTGF in HPCs. Besides, rapamycin increased ROS generation and subsequently activated TGF-β-Smad2 signaling to promote FIGURE 6 | Smad2, but not smad3, is involved in CTGF induction through rapamycin-activated TGF-β-Smad signaling. (A-E) LE-shSmad4, WB-shSamd4, LE-shSmad2, WB-shSamd2, LE-shSmad3, WB-shSamd3 and their scramble control (shScramble) were treated with rapamycin (10 nM) for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (B,D,F) LE-shSmad4, WB-shSamd4, LE-shSmad2, WB-shSamd2, LE-shSmad3, WB-shSamd3 and their scramble control (shScramble) were co-transfected with pRL-TK and SBE4-luc plasmids for 24 h and then treated with rapamycin (10 nM) for 16 h. Luciferase activity was normalized to renilla luciferase activity. Results showed as means ± SD of triplicate measurements. * p < 0.05, * * p < 0.01, NS, no significance; (G) LE/6 and WB-F344 cells were infected with Ad-GFP and Ad-Smad3 for 72 h. Then, cells were treated with rapamycin (10 nM) for 6 h. Lysates were subjected to Western blot analysis with antibodies against CTGF and Smad3. β-actin was used as a loading control; (H) LE-shmTOR#2, WB-shmTOR#2 and their scramble control (shScramble) were infected with Ad-GFP and Ad-Smad3 for 72 h before cells were harvested for Western blot analysis with antibodies against CTGF and Smad3.
CTGF expression (Figure 8) . Expansion of HPCs occurs post liver transplantation and participates in the pathophysiologic changes of grafts in recipients. First, HPCs response are increased and implicated in the progression of fibrosis associated with hepatitis C recurrence after liver transplantation (Prakoso et al., 2014; Sclair et al., 2016) . Second, small-for-size partial FIGURE 7 | Rapamycin induces ROS generation and latent TGF-β activation, which contribute to TGF-β-Smad signaling. (A,C) LE/6 and WB-F344 cells were treated with rapamycin (10 nM) in the absence or presence of NAC (5 mM) for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (B,D) LE-shmTOR#2 and WB-shmTOR#2 cells were incubated with NAC (5 mM) for 6 h. Lysates were subjected to Western blot analysis with antibodies against indicated proteins. β-actin was used as a loading control; (E) LE/6 and WB-F344 cells were treated with rapamycin (10 nM) in the absence or presence of NAC (5 mM) for 1 h. Then, cells were washed with PBS and incubated in the dark at 37 • C for 30 min in 10 µM DCFH-DA. After washed with FBS free media three times, ROS generation was visualized by dichlorofluorescein (DCF) formation in inverse fluorescence microscopy. Corresponding phase contrast image was placed below. scale bar, 200 µm; (F) Quantification of dichlorofluorescein (DCF) formation intensity using IPP software. Data represented means ± SD. (n = 3). * p < 0.05 compared with other groups; (G) LE/6 and WB-F344 cells were treated with 10 nM rapamycin for 6 h. Lysates were subjected to Western blot analysis with antibodies against TGF-β. β-actin was used as a loading control.
FIGURE 8 | Schematic illustrations of this study. Inhibition of mTOR activity with rapamycin results in a hyperactive PI3K-Akt pathway, whereas this activation inhibits the expression of CTGF in HPCs. In addition, rapamycin increased ROS generation and latent TGF-β activation which subsequently activated TGF-β-Smad2 signaling to promote CTGF expression.
liver transplantation such as split liver transplantation, living donor graft and reduced-size graft increase the availability of livers and partially overcome the shortage of organs. It has been reported that HPCs are activated after small-for-size liver transplantation in rats where the small liver graft needed to regenerate (Mao et al., 2008) . Third, hepatocyte replication is impaired in steatotic liver regeneration after living donor transplantation, and expansion of HPCs compensates for impaired hepatocyte replication (Cho et al., 2010) . Taken together, we speculated that rapamycin, a commonly used antirejection agent after liver transplantation, may have potential fibrotic effect through activating profibrotic TGF-β-Smad signaling and upregulating profibrotic factor CTGF expression in HPCs.
Connective tissue growth factor is strongly upregulated in fibrotic liver tissue and plays a pivotal role in fibrogenesis of liver (Gressner and Gressner, 2008; Weiskirchen, 2016) . It is synthesized and released by various cell types in liver including hepatocytes, cholangiocytes, HSCs, and HPCs (Gressner et al., 2007; Ding et al., 2013 Ding et al., , 2016 Williams et al., 2014) . Besides, as a downstream modulator protein of TGF-β, CTGF is thought to amplify the profibrogenic action of TGF-β (Leask and Abraham, 2006; Gressner et al., 2009) . In this study, we found that rapamycin upregulated CTGF expression at the transcriptional level in HPCs but not in hepatocytes and hepatoma cells. Previous studies have demonstrated that rapamycin showed controversial roles in renal and lung fibrosis duo to its different roles in different cells. Most studies in liver have shown that rapamycin represented an anti-fibrosis role (Zhu et al., 1999; Biecker et al., 2005; Neef et al., 2006) , while our study found that rapamycin upregulated the profibrotic factor CTGF expression in HPCs. Presumably, the overall effect of rapamycin on liver fibrosis is determined by the balance of the controversial functions on various structural cells in liver. In most previous studies, HPCs were only slightly expanded under the experimental or clinical conditions, so the overall effect of rapamycin was anti-fibrotic. Further investigation in future studies are needed to unravel rapamycin's effect on liver fibrosis in a vivo model which HPCs expanded largely.
Rapamycin exerts its effects mainly through inhibition of mTOR signaling. In this study, as well, we found that rapamycin upregulated CTGF by blocking mTOR signaling. Knockdown of mTOR, Raptor, or Rictor significantly upregulated CTGF expression as expected, which indicated that both mTORC1 and mTORC2 were involved in rapamycin's effects on CTGF expression. But how does rapamycin, through inhibiting mTOR signaling, promote CTGF expression of HPCs? We observed that both rapamycin and mTOR knockdown caused PI3K-Akt activation which may through a negative feedback loop originating from S6K1 as reported by other groups (Wullschleger et al., 2006; Carracedo et al., 2008) . Previous studies showed that rapamycin promoted CTGF expression of lung fibroblasts and epithelial cells via PI3K-Akt (Xu et al., , 2015 . However, our studies showed that inhibiting feedback activated PI3K-Akt with LY294002 or MK2206 did not block CTGF expression induced by mTOR inhibition. In the contrast, PI3K-Akt activation via the negative feedback loop limited the expression of CTGF after rapamycin treatment to some extent, at odds with previous studies showing that Akt signaling promoted CTGF expression in other cell types (Xu et al., , 2015 . The molecular mechanisms through which PI3K/Akt signaling inhibits CTGF expression warrants further study.
In a further attempt to reveal the underlying mechanisms for rapamycin-induced CTGF upregulation, we found an activation of TGF-β-Smad signaling. TGF-β receptor kinase inhibitors completely blocked rapamycin and mTOR knockdown induced CTGF upregulation. Our results suggested that TGF-β-Smad signaling was indispensable for rapamycin-induced expression of CTGF. Other findings are consistent with ours. Osman et al. (2009) reported that rapamycin induced rapid activation of TGF-β-Smad signaling in rat mesangial cells. Another study also reported that rapamycin further augmented SBE4-luc activation in prostate cancer cells (van der Poel, 2004) . Shihab et al. (2004) found that rapamycin increased TGF-β expression in a rat model. Moreover, rapamycin can endow constitutive TGFβ signaling in monkey kidney COS-1 cells through binding to its intracellular receptor FKBP12, which inhibits TGFβ type I receptor phosphorylation (Chen et al., 1997) . Together with our study, we suggested that inhibition of mTOR signaling by rapamycin may secondarily activate TGF-β-Smad signaling.
Distinct roles of Smad2 and Smad3 in TGF-β-Smad signaling have been reported by many studies (Kretschmer et al., 2003; Brown et al., 2007; Weng et al., 2007; Gressner et al., 2009 ). Even in hepatocyte, different roles of Smad2 and Smad3 have been reported. Gressner et al. (2009) reported selective transcriptional activation of the CTGF promoter by Smad2 (but not Smad3) in hepatocytes isolated from male Sprague-Dawley rats, while Weng et al. (2007) found that TGF-β-induced CTGF expression was mediated by the ALK5-Smad3 pathway in hepatocytes isolated from livers of male C57/BL-6 mice. This seems rather paradoxical. The possible reason for those contrary results is that they isolate hepatocytes from different species, which suggested that these Smads have distinct functions in TGF-β-induced CTGF expression across species. In accord with Kretschmer, who found that Smad2 and Smad3 have distinct roles in different cell types (Kretschmer et al., 2003) , we suggested that TGF-β-Smad signaling induced CTGF expression is highly species and cell specific. In the present study, knockdown of Smad2 was sufficient to almost completely reverse rapamycininduced CTGF upregulation and knockdown of Smad4 partially blocked CTGF upregulation, whereas knockdown of Smad3 had no effect. This finding is in consistent with Gressner's study, both of which are conducted in rat. Based on the differential responses to rapamycin in Smad2 and Smad3 knockdown cells in our study, we suggest a predominant role of Smad2 protein in the transcriptional activation of the CTGF promoter in HPCs.
TGF-β is regarded as the master cytokine of liver fibrogenesis (Leask and Abraham, 2004; Inagaki and Okazaki, 2007) . The biological activity of TGF-β is restrained by secretion as a latent complex in which TGF-beta homodimers are noncovalently associated with homodimers of their respective propeptide called the LAP (Khalil, 1999; Breitkopf, 2001; Jobling et al., 2006) . Release of TGF-β from the latent complex, which is referred to as activation, allows TGF-β to bind its cellular receptors. ROS generation has been implicated in this process. Specifically, ROS-induced oxidation at specific amino acids of LAP triggers a conformational change allowing rapid release of TGF-β (Barcellos-Hoff and Dix, 1996; Jobling et al., 2006) . A previous study demonstrated that rapamycin activates latent TGF-β via a mechanism depend on ROS generation (Osman et al., 2009) . Ours results are consistent with those reports, we found that rapamycin-induced ROS formation contributed to the activation of latent TGF-β thus activating TGF-β-Smad signaling. The mechanism by which rapamycin triggers intracellular ROS formation in HPCs still needs further investigation.
CONCLUSION
In conclusion, we demonstrate that rapamycin at nanomolar concentrations upregulates CTGF expression in HPCs. Inhibition of mTOR activity with rapamycin results in a hyperactive PI3K-Akt pathway, but this actually inhibits the expression of CTGF in HPCs. In addition, Smad2, but not smad3, is involved in the induction of CTGF through rapamycin-activated TGF-β-Smad signaling. Furthermore, we find that rapamycin induces ROS generation and latent TGF-β activation which contribute to TGF-β-Smad signaling (Figure 8) . Considering that the HPCs are expanded under specific circumstance after liver transplantation, we speculate that HPCs may an important source of CTGF during rapamycin anti-rejection treatment, and this effect may potentiate fibrosis of liver grafts. Together with many unexpected outcomes about rapamycin in liver transplantation (Kawahara et al., 2011; Massoud and Wiesner, 2012) , it is necessary to further investigate the molecular mechanism of rapamycin.
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